Objective. Reorganization of the primary motor cortex (M1) may be a feature of persistent patellofemoral pain (PFP), but no studies have investigated M1 organization in this condition. Here we aimed to examine the organization of the M1 representation of the quadriceps muscles in people with PFP and healthy controls.
Introduction
Patellofemoral pain (PFP) is a common musculoskeletal condition occurring in up to 20% of the population [1] [2] [3] . The condition is characterized by retro-or peripatella pain during activities that load the patellofemoral joint when the knee is in flexion, such as squatting, kneeling, jogging, or stair climbing [2, 4] . Conservative management involves correction of biomechanical alterations thought to contribute to excessive stress and tissue injury at the patellofemoral joint [5] [6] [7] [8] [9] . Although treatments such as exercise are effective in reducing pain in the short and long term [5, 9] , increasing evidence highlights poor long-term prognosis, with a substantial proportion of individuals experiencing persistent pain at 12 months [10] and for as long as five to eight years [11] . Poor long-term prognosis may reflect a limited understanding of the pathophysiological factors that contribute to the persistence of PFP.
V C 2017 American Academy of Pain Medicine. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com Recent research in other persistent musculoskeletal pain conditions such as low back pain (LBP) [12] [13] [14] and lateral epicondylalgia (LE) [15] has shown altered organization and function of the primary motor cortex (M1) that is associated with altered motor control and/or pain severity. For instance, M1 representations generated using transcranial magnetic stimulation (TMS) of two back muscles (deep multifidus and longissimus erector spinae) demonstrate a single, overlapped peak for these muscles in chronic LBP compared with two discrete peaks in healthy individuals [13] . Similarly, M1 representations for forearm extensor muscles (extensor carpi radialis brevis and extensor digitorum) demonstrate greater overlap and a reduced number of discrete map peaks in chronic LE [15] . A loss of discrete representation in M1 is thought to contribute to altered motor control. That is, a blurring or smudging of individual muscle representations may contribute to the loss of differential muscle control observed in the paraspinal and forearm muscles in chronic LBP [16, 17] and LE [18] , respectively.
Altered motor control is also a feature of PFP. Reduction in knee flexion angles, angular velocities, and reduced smooth quadriceps contractions during stair descent have been observed, and these changes are thought to reflect adoption of a compensatory movement strategy that aims to minimize joint loading and pain [19] [20] [21] . In addition, alterations in the amplitude and timing of activation of the medial and lateral heads of the quadriceps have been demonstrated in some studies [22] [23] [24] [25] [26] . Despite evidence for altered motor control in PFP, the mechanisms that underpin these changes are unclear. In particular, M1 organization has not been investigated in PFP. It is noteworthy, however, that studies of other central mechanisms such as conditioned pain modulation have shown impairments in PFP, supporting a hypothesis of central involvement in this condition [27] .
Here we aimed to compare the organization of the M1 representation of three quadriceps muscles (rectus femoris [RF], vastus lateralis [VL] , and vastus medialis [VM] ) between individuals with PFP and healthy controls.
Methods

Participants
A cross-sectional, observational study design was used. Eleven individuals with PFP (eight females; 21 6 7 years; mean 6 standard deviation [SD]) and 11 healthy controls matched for age, gender, and handedness (eight females; 24 6 6 years) were recruited from community advertisements during the period March 2014 to May 2015. Control participants were matched within five years of the age of individuals with PFP. As there are no previous TMS mapping studies in PFP, a sample size calculation was performed using data for the variable "map volume" from previous TMS mapping studies in chronic LBP. These data indicate a minimum difference in means between the patient and control groups of 6.4 mV and a standard deviation of 4.8 mV [13] . Based on these values, 80% power, and an alpha of 0.05, 11 participants were required in each group.
Participants with PFP were included if they reported an insidious onset of peripatella or retropatella knee pain lasting longer than three months and provoked by two or more of the following activities: squatting, running, stair climbing, and prolonged sitting or kneeling; tenderness on palpation of the patella, pain when stepping down, or double leg squatting. Participants had minimal to no pain at the time of testing, and symptoms were not aggravated by testing procedures. Participants were excluded from both groups if they had other defined knee pathology (e.g., osteoarthritis, patellar tendinopathy, Osgood-Schlatter's disease); history of knee injury (ligament or meniscus injury), previous fractures, or surgeries of the spine and lower limb; any major neurological or cardiorespiratory disorders, medications that influence the central nervous system [28] , and contraindications to TMS [29] . Participants gave written, informed consent for experimental procedures, which were approved by the institutional Human Research Ethics Committee. The study was performed in accordance with the Declaration of Helsinki.
Clinical Measures of PFP
Participants rated their current pain severity and average pain in the last six months on an 11-point numerical rating scale (NRS) from 0 to 10, where 0 was "no pain" and 10 was the "worst pain imaginable."
Electromyographic Activity
Surface electrodes were used to record electromyographic (EMG) activity from RF, VL, and VM using silversilver chloride snap dual self-adhesive electrodes (diameter 10 mm, Noraxon, Arizona USA). The vastus intermedius was not assessed due to its deep location, which is not amenable to surface EMG [30] . Electrode position was determined based on the Surface EMG for the NonInvasive Assessment of Muscles (SENIAM) guidelines [31] . Signals were amplified, band-pass filtered between 20 and 1,000 Hz, and sampled at 2 kHz using a Power 1401 Data Acquisition System and Spike 2 software (Cambridge Electronic Design, Cambridge, UK).
Transcranial Magnetic Stimulation Mapping
The protocol for mapping has been described in detail elsewhere [15, [32] [33] [34] . In brief, single-pulse transcranial magnetic stimulation mapping (TMS; Magstim Co. Ltd, Dyfed, UK) was delivered over M1, contralateral to the side of worst pain in the PFP group or the matched side in healthy controls, using a figure of eight coil (wing diameter 7 cm). The coil was positioned tangential to the skull with the handle facing posteriorly to induce an antero-posterior flow of current [35, 36] . Participants were fitted with a cap, marked with an 8 x 7 cm grid and oriented to the vertex (point 0,0). Interaural and nasion-inion distances were measured for each participant, and the vertex aligned with the center of the cap coordinates [37] . The cap position was regularly checked to ensure placement consistency. As muscles that are anatomically located have been shown to have similar motor thresholds [15, 33] , the stimulus intensity for mapping was set at 110% of active motor threshold for RF. Active motor threshold was defined as the minimum stimulator intensity at which a TMS stimulus evoked a response of 200 lV while RF was contracted at 10% of maximum voluntary contraction (MVC) force and determined using the TMS Motor Threshold Assessment Tool (MTAT 2.0) [38] . This tool is a computer software that allows for fast estimation of motor threshold through the maximum likelihood strategy based on the parameter estimation by sequential testing (PEST) algorithm [39] .
TMS was applied every six seconds, with a total of five stimuli at each site on the 8 x 7 cm grid. This grid size was chosen to ensure that all map boundaries were captured. As motor-evoked potentials (MEPs) of the lower limb are difficult to elicit at rest, participants activated the quadriceps muscles to 10% of their MVC force during mapping. Muscle contraction was performed with the knee in 90 degrees flexion. The target EMG was determined as 10% of the highest root mean square (RMS) EMG for one second during three threesecond maximal efforts performed against resistance applied by a belt secured across the distal tibia in sitting. During TMS mapping, visual feedback of actual EMG activity was provided in real time on a computer monitor relative to the target EMG to ensure a consistent level of activation was maintained throughout testing. Trials where EMG was not kept consistent were discarded and this grid site retested (<5% of trials). The reliability and reproducibility of TMS mapping has been demonstrated [40] [41] [42] , and a number of studies have used TMS to map the lower limb in healthy and pathological conditions [34, [43] [44] [45] . All procedures adhered to the TMS checklist for methodological quality [46] .
Data Analysis
Analysis of TMS map data was performed using MATLAB 7 (The Mathworks, USA). EMG was full-wave rectified, and MEPs were averaged at each scalp site. MEP onset and offset were visually identified from the averaged traces, and MEP amplitude was calculated as the RMS EMG amplitude between the onset and offset. Background EMG from 55 to five milliseconds prior to stimulation was subtracted [13, 15] . Topographical maps were created after normalizing the average MEPs at each site to the peak amplitude [13, 15] .
Parameters calculated from the normalized maps included map volume for each muscle, the map volume ratio for each muscle pair, center of gravity (CoG) location, CoG separation, and the number of discrete map peaks. Map volume was calculated as the sum of normalized MEP amplitudes at each site. The CoG was defined as the amplitude-weighted center of the map and was calculated for each muscle using the formula
where V i ¼ mean MEP amplitude at each site with the coordinates X i , Y i .
Center of gravity separation was calculated using the Pythagorus Theorem, using the X and Y coordinates of the CoG locations [15, 47] :
where a ¼ distance between X coordinates, b ¼ distance between Y coordinates, and c ¼ distance between the CoG locations.
Finally, the number of discrete peaks, defined as the number of scalp sites over which TMS evoked a discrete "peak" in the M1 representation, was determined.
Using an established procedure [15] , discrete peaks were identified if the MEP amplitude at a grid site 1) was greater than 50% of maximum map amplitude, 2) was at least 5% greater than the MEP amplitude of seven of the eight surrounding grid sites, and 3) was not adjacent to another identified map peak.
Statistical Analyses
Data were assessed for normality using the ShapiroWilk Test. Data were compared between groups (PFP vs control) and muscles (RF vs VL vs VM) using twoway analyses of variance (ANOVAs) for the following parameters: 1) map volume, 2) map volume ratios, 3) CoG location (medio-lateral and antero-posterior planes), 4) CoG separation, and 5) number of discrete peaks. Regression lines (first-or second-order polynomial based on the line of best fit) were used to assess the relationship between map volume, CoG separation, number of discrete peaks, and average pain in the last six months and pain duration in the PFP group. Pearson's correlation coefficients were calculated for linear relationships, and Spearman's Rank correlation coefficients were calculated for nonlinear relationships.
Where appropriate, analyses were corrected for multiple comparisons using Holm-Sidak post hoc tests.
Significance was set at a P value of less than 0.05.
Results
Characteristics of the PFP participants are summarized in Table 1 . The duration of PFP symptoms was 29 6 26 months. At the time of testing, pain severity was 2.3 6 2.2 points on the NRS and average pain in the last six months was 4.9 6 1.1 points on the NRS.
Map Parameters
Data for map parameters are provided in Table 2 . Map volume was smaller for participants with PFP than healthy controls (main effect of group: F 1,60 ¼ 22.97, P < 0.001) across all three quadriceps muscles (group x muscle interaction: F 2,60 ¼ 0.09, P ¼ 0.92) (Figure 1 ). There was no difference in the map volume ratios between any muscle pair for participants with PFP compared with controls (main effect of group: F 1,60 ¼ 2.27, 
Discussion
This study provides the first evidence of altered M1 organization in individuals with PFP compared with healthy controls. Our observations include a reduction in map volume and a more anterior location of the representation of all three quadriceps muscles tested, greater overlap of the M1 representations of the quadriceps muscles, and a reduction in the number of discrete cortical peaks in individuals with PFP compared with healthy controls. An interesting finding is that M1 organization does not differ between the medial and lateral heads of the quadriceps muscles in PFP. These novel data provide insight into the pathophysiology of PFP and may have relevance for the clinical management of this common condition in the future. , demonstrating the number of discrete cortical map "peaks." Data are normalized to the maximum MEP amplitude for each participant. Sites that met the criteria for a "peak" are marked with a circle. The number of discrete peaks in the motor map across the quadriceps muscles was less in participants with PFP than healthy controls (P ¼ 0.009). PFP ¼ patellofemoral pain; RF ¼ rectus femoris; VL ¼ vastus lateralis; VM ¼ vastus medialis.
Motor Cortical Organization in PFP
Our data provide evidence of altered M1 organization of the quadriceps muscle in PFP that is consistent with that described in other musculoskeletal pain conditions including LBP [13], LE [15] , osteoarthritis [48] , and focal dystonia [33] . Features of altered M1 organization, such as greater overlap between the M1 representations of adjacent muscles and a reduction in the number of discrete cortical peaks, are proposed to relate to impairments in fine, isolated movement control and intermuscle coordination [13, 15, 33] . Indeed, the organizational structure of M1 involves a balance between discrete and overlapping muscle representations that allow for both fine, individuated motor control (discrete muscle representations) and integrated, synergistic movements (overlapping muscle representations) [49] [50] [51] . This organizational structure is supported in M1 through variation in the threshold for excitation of specific muscles during movement [51] . For example, during execution of a particular task, functional resonance imaging studies have demonstrated higher signal intensities (i.e., greater M1 excitability, thought to be observed as peaks in TMS maps) for groups of muscles with a primary or synergistic role in the movement being executed, and lower signal intensities (i.e., lower cortical excitability, areas without peaks in TMS maps) for adjacent muscles not involved in the task [51, 52] . In healthy individuals, the presence of multiple areas of high excitability (peaks in TMS maps) is thought to reflect the potential for synergistic, intermuscle coordination and complex movement strategies during completion of a movement task. Thus, a reduction in discrete peaks in those with PFP can be postulated to reflect a loss of intermuscle coordination and adoption of simplified movement strategies during task completion [52] [53] [54] , In support of this hypothesis, previous studies in PFP have observed a reduction in knee flexion [20] and a reduction in smooth quadriceps eccentric contraction [19, 55] during stair descent in individuals with PFP, suggesting a loss of fine, coordinated quadriceps movement that could be explained by a loss of discrete M1 organization.
It has been shown previously that a greater anterior shift in the M1 representation of the knee is associated with poorer performance on a quadriceps force matching task in individuals with knee osteoarthritis [48] . A similar anterior location of the M1 representations of the quadriceps muscles was observed relative to healthy controls in the current study, although motor control and function were not explored. Such shifts in M1 representations are thought to indicate remodeling of the motor cortex at the level of the synapse [56] . Specifically, shifts in motor representations have been proposed to result from a change in the organization of the network of cortical neurons with inputs to pyramidal cells [13, 56] . Thus, this change is indicative of plasticity in M1 associated with PFP. Importantly, although some studies have identified a relationship between cortical changes ("plasticity") and pain in musculoskeletal disorders [15, 57] others, including the present study, have not [13] . This may be because pain is a complex, multidimensional perception that varies in characteristics and may be influenced by psychological, social, environmental, and cultural variables [58] . Further work using longitudinal, prospective study designs is needed to determine how changes in M1 organization relate to altered motor control, disability, and pain in PFP and whether such changes are a cause or a consequence of pain.
Map volume was reduced in all three quadriceps muscles investigated in PFP. This could be interpreted to reflect either 1) reduced corticomotor excitability to the quadriceps muscles in PFP or 2) a reduction in the cortical territory of neural networks that project to these muscles [13] . Previous studies examining corticomotor excitability using MEP amplitudes or stimulus response curves at a single cortical site have shown mixed results in PFP. In one study, corticomotor excitability was increased in both VM and VL [59] , whereas another reported no change in the stimulus response curve for RF [60] . These conflicting findings suggest that the reduction in map volume in the present study is more likely to reflect a reduction in the cortical territory projecting to the quadriceps muscles in PFP than a reduction in corticomotor excitability. However, map volume is based on MEP amplitude, and MEP amplitude reflects changes in neural excitability along the entire corticomotor pathway [61] . Thus, a reduction in M1 cortical excitability is possible in the presence of increased spinal excitability and could present as an increase in MEP amplitude if spinal excitability is not concurrently assessed. Further work is needed to clarify the relative contribution of cortical and spinal excitability changes in PFP.
Evidence of M1 remodeling in persistent PFP and the potential for a relationship between these changes and altered motor control suggest that M1 may be a suitable therapeutic target in this condition. Techniques such as peripheral electrical stimulation [33] and noninvasive brain stimulation [62] are capable of normalizing M1 organization in musculoskeletal pain conditions, and these changes are associated with improved pain and motor function. For example, transcranial direct current stimulation (tDCS) to M1 combined with peripheral electrical stimulation (PES) to the back muscles in people with chronic low back pain drives M1 representations toward a profile similar to that seen in healthy individuals, and this is associated with greater improvements in pain and function than tDCS or PES applied alone or a sham control [62] . Similarly, skilled motor training, but not unskilled walking exercise, is capable of reversing abnormalities in M1 representations in LBP, and this is associated with improved motor coordination [63] .
Research is now required to determine whether therapies that target M1 organization in PFP also result in improved clinical outcomes.
Limitations
A number of methodological limitations require consideration. First, the reliability of TMS mapping outcomes was based on data from upper limb muscles. There are no reliability studies assessing TMS mapping outcomes in the lower limb, although mapping studies in the lower limb have been done [34, 43, 44] . However, TMS mapping outcomes are based on MEP amplitude measures, and studies have reported the reliability of MEP amplitudes in the lower limb [64] [65] [66] . Second, participants with PFP were not matched for physical activity level. It is known that regular engagement in physical activity enhances brain plasticity and is accompanied by increased corticospinal excitability [67] . Future studies should seek to examine the influence of physical activity level of cortical organization in PFP. Third, although cross talk cannot be entirely ruled out as a result of surface EMG measures, care was taken to reduce the amount of cross talk through proper localization of the surface electrodes on the muscles [31] . Previous studies on low back pain have shown no difference in cortical representations of the back muscles when surface and intramuscular electrodes are used [12] . However, it is unknown whether the same is true for maps of the quadriceps muscles. Indeed, there is some suggestion that the VMO:VL activation ratio differs between surface and intramuscular electrodes [68] . Future studies should use intramuscular (fine-wire) EMG to reduce the likelihood of cross talk contamination in EMG data and confirm the present results. In addition, the convenience sample was homogenous and small. Thus, results from this study may not be generalizable to the wider PFP population. Finally, this study was not designed to examine the relationship between cortical organization and clinical outcomes such as pain. Future studies should include more robust measures of pain intensity and additional clinical outcomes such as disability/function, pain system function, and motor control to further explore the relationship between symptoms and M1 organization in PFP.
Conclusion
Our data demonstrate that M1 organization of the quadriceps muscle is altered in individuals with PFP compared with healthy controls. Despite these changes, no difference in M1 organization was observed between the medial and lateral heads of the quadriceps muscle. These findings provide new insight into the pathophysiology of this condition. 
